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ABSTRACT

We report on a study of dispersionless substorm in-
jections. We identified dispersionless substorm in-
jections using CRRES EPAS and LANL geosyn-
chronous energetic particle data. We found 29 sub-
storms for which dispersionless injections could be
observed by two spacecraft and we calculated the
delay time as a function of the radial separation of
the satellites. We found that essentially all cases
were consistent with an inward/earthward propaga-
tion of the substorm injection region. For 9 of the
29 events the two spacecraft were within £1 hour of
local time. For those 9 events the delay time was
nearly linear with radial separation. The propaga-
tion speed calculated from a linear fit to those data
was approximately 24 km/s. The earthward propa-
gation of the substorm injection region is basically
consistent with the “convection surge” model of sub-
storm injections but does not necessarily contradict
the “current disruption” model. The relatively slow
apparent velocity of radial propagation is more dif-
ficult to reconcile with the expected convection ve-
locities and with the extremely sharp onsets that are
observed at both satellites.

1. INTRODUCTION

The injection of energetic particles near the inner
edge of the plasma sheet is one of the most com-
mon and reliable indicators of substorm onset. Sub-
storm injections are observed at geosynchronous or-
bit in association with nearly every substorm iden-
tified by other means. During the growth phase a
decrease of energetic particle fluxes in the midnight
sector caused by thinning of the plasma sheet is fre-
quently observed. Within a few minutes of onset
the fluxes not only return to their previous levels
but, typically, are enhanced by up to several orders
of magnitude. The enhancement of energetic parti-
cles measured in a particular energy band indicates
an energization of the distribution and is referred
to as a substorm injection. Substorm injections near
geosynchronous orbit are most clearly and most com-
monly observed at energies of tens to hundreds of
keV. When all energies are enhanced (injected) si-

multaneously it is referred to as a “dispersionless”
injection. The region of space in which dispersionless
injections are observed is referred to as the “injection
region”. When a spacecraft is outside the injection
region it frequently observes enhancements of ener-
getic particles that have drifted out of the injection
region and are therefore observed with a velocity, or
energy, dispersion.

Here we are not concerned with the drift of ener-
getic particles out of the injection region. Rather we
seek to identify propagation of the injection region
itself. We do this by identifying dispersionless in-
jections seen by two satellites in association with a
single substorm and by measuring the time delay as
a function of radius and local time. Only the radial
propagation will be discussed here. The local time
propagation is discussed in a more detailed paper
[Ref. 1].

Determining the radial propagation of the injection
region can help to distinguish among different mech-
anisms that have been proposed to explain disper-
sionless substorm injections. Two competing sce-
narios for substorm injections have been proposed.
Figure la illustrates the “convection surge” mecha-
nism [Ref. 2], [Ref. 3]. In this picture there is a dis-
tinct earthward boundary to the substorm injection
region but no clear tailward boundary. Rather the
boundary is a sharp “injection front” produced by
the earthward convection of energized particles. The
convection is produced by the inductive electric field
associated with the dipolarization of the magnetic
field at substorm onset. In this model, at a given
magnetic meridian the propagation of the injection
region would be earthward. Figure 1b is adapted
from Lopez & al. [Ref. 4] who re-interpreted the
injection boundary as the spatial limit on a region
of instability associated with “current disruption”.
Earthward of the injection boundary the tail is as-
sumed to be stable and tailward of that boundary
particles could be energized by one of a variety of
instabilities such as the cross-tail current instability
or the ballooning instability. In this scenario the in-
jection starts in a small region that is bounded radi-
ally (both inward and outward) and azimuthally. It
subsequently expands azimuthally and radially tail-
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Figure 1: Propagation of the substorm injection re-
gion predicted by (A) the Convection Surge model
and (B) the Current Disruption model.

ward but is always bounded on the earthward side
by the assumed spatial limit on where the instabil-
ity can operate. In this model the expansion of the
injection region does not imply tailward convection
of the particles but rather the tailward propagation
of the region in which particles are energized. We
note also that in the “current disruption” scenario
particles are energized locally through an in situ in-
stability whereas in the “convection surge” scenario
particles might either be energized fairly locally or be
energized at a more distant, downtail, location and
convected into the region where they are observed.

The two scenarios for the substorm injection mech-
anism are related to what might be the central con-
troversy in substorm studies, illustrated in Figure 2.
The top panel shows a scenario that is normally as-
sociated with the Near-Earth Neutral Line model.
In this picture substorm onset begins with recon-
nection in the middle magnetotail (at perhaps 20-
30 Rg) and the effects propagate earthward, per-
haps through bursty bulk flows. In the bottom panel

Figure 2: This schematic represents a fundamen-
tal controversy in space plasma physics. The Near-
Earth Neutral Line model proposes that the sub-
storm initiates in the mid tail at a reconnection site
and that the effects subsequently propagate earth-
ward. The Current Disruption model proposes that
the substorm initiates near the inner edge of the
plasma sheet and that a tailward-propagating rar-
efaction wave could later produce reconnection in the
more distant tail.

the substorm onset occurs in the closed field line re-
gion near geosynchronous orbit (= 6 — 10Rg) and
propagates tailward, perhaps through a rarefaction
wave which might also cause reconnection in the tail.
This general picture is often referred to as the Cur-
rent Disruption model. Both of these basic scenar-
ios now account for the widely accepted observa-
tions of substorm-associated plasmoids in the dis-
tant tail (e.g. [Ref. 5]) and of the mapping of auro-
ral processes to the near geosynchronous region (e.g.
[Ref. 6], [Ref. 7]). They differ mainly in the relative
timing and radial propagation of substorm phenom-
ena.

2. DISPERSIONLESS INJECTIONS AT TWO
SATELLITES

In order to determine the propagation direction of
substorm injection signatures in the near-earth mag-
netosphere we compared the onset times of disper-
sionless injection signatures seen at geosynchronous
orbit (= 6.6 Rg) with the onset times seen by the CR-
RES satellite which was in a geosynchronous trans-
fer orbit and therefore radially earthward of 6.6 Rg.
The CRRES data used here were obtained with the
EPAS instrument [Ref. 8] which measures electrons
with energies from 21 to 285 keV and protons from 37
keV to 3.2 MeV. The geosynchronous energetic par-
ticle data were obtained by the Los Alamos National
Laboratory CPA and SOPA instruments which also
measure protons and electrons with energies above a
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Figure 3: An example of a dispersionless injection
seen by CRRES and by LANL geosynchronous satel-
lites. CRRES was located 0.5Rg earthward of 1990-
095 and observed the injection 2.5 min later.

few tens of keV. (See [Ref. 9] for more details.)

We began by surveying CRRES summary plots of
energetic electron and ion data to identify substorm
injections. We then identified the subset of injec-
tions that had no energy dispersion, indicating that
CRRES was within the injection region. For each
of those events we then surveyed the Los Alamos
geosynchronous energetic particle data to determine
if one of the four available satellites also observed a
dispersionless injection.

Figure 3 shows one example of a dispersionless sub-
storm injection that was observed by both CRRES
and one of the LANL geosynchronous satellites. The
relative locations of the two satellites is shown in the
bottom panel. At the time of onset the satellites
were separated by 0.5Rg and 0.8 hours of MLT. The
geosynchronous satellite 1990-095 observed a disper-
sionless electron injection at 1708:00 UT. CRRES
observed a dispersionless electron injection 2.5 min
later at 1711:36 UT. The CRRES data used in this
study were 1-min averages while the LANL data were
10-s averages. Therefore the uncertainties in the tim-
ing of the injection onsets are £1 min and +10 s re-
spectively. The 2.5 min delay between the injection
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Figure 4: Another example of a dispersionless injec-
tion seen by CRRES and by LANL geosynchronous
satellites. Both satellites were at ~ L = 6.6Rg
but were separated by about 3 hours of local time.
Both satellites observed a dispersionless injection at
~ 1410 UT.

times is significant compared to the uncertainties in
the timing and we assume that it is due to the spatial
separation of the two satellites.

In Figure 3 the flux variations observed by CRRES
after 1800 UT are not due to substorm activity. They
are a result of the passage of CRRES through the
radiation belts along its orbit.

Figure 4 shows another example of a dispersion-
less substorm injection observed by CRRES and the
geosynchronous spacecraft 1989-046. A dispersion-
less substorm onset was observed at 1410 UT by
both spacecraft. At that time both spacecraft were
at about 6.6 Rg but 1989-046 was about 3 hours east
of CRRES. To within the uncertainty in the timing of
the CRRES onset (£1 min) both spacecraft observed
the injection simultaneously. Furthermore the tem-
poral structure of the injection looks similar at the
two satellites — with a double-peaked structure ob-
served at energies below about 150 keV — confirming
that substorm injections can sometimes be coherent
over a fairly broad range of local times.



3. PROPAGATION STATISTICS

The entire data set available from the CRRES mis-
sion was surveyed for events such as that shown in
Figure 3. A number of events had to be eliminated
from the study because of ambiguous onset times.
This was usually caused by the presence of pseudo-
breakups or multiple onsets. We identified 29 events
for which there were clear, unambiguous, and dis-
persionless onsets observed by CRRES and by one
of the LANL geosynchronous satellites.

For each of those 29 events we calculated the delay
between the injection at geosynchronous orbit and
the injection seen by CRRES. In Figure 5 the delay
times are plotted as a function of the L-shell occupied
by CRRES. Negative delay times indicate that CR-
RES observed the dispersionless injection later than
the LANL geosynchronous satellite. When CRRES
was at L < 6.6Rg this implies an inward or earth-
ward propagation. Because of its orbit CRRES spent
almost all of its time inside geosynchronous orbit.

These results strongly suggest that the most com-
mon direction of propagation for the injection region
is earthward. The one event that appears to be sub-
stantially inconsistent with that trend is unusual in
that CRRES was at 23.5° magnetic latitude. At that
latitude the calculation of L is quite uncertain. If the
magnetic field is more stretched than the model used
to calculate L then CRRES could easily have been on
a field line that mapped to outside geosynchronous
orbit rather than just inside as the model field would
indicate.

While the results shown in Figure 5 are consistent
with earthward propagation of the injection region
they also include the effects of azimuthal separation
of the satellites. In order to better asses the effects
of radial propagation we plot in Figure 6 only those
nine events for which CRRES was within £1 hr of
the LANL geosynchronous satellite. The format of
Figure 6 is the same as Figure 5 but the scale is
expanded.

Figure 6 also shows the earthward propagation ap-
parent in Figure 5 but much of the scatter in the
delay times is removed. This confirms that the scat-
ter in Figure 5 is most likely due to the azimuthal
separation of the satellites. More importantly, Fig-
ure 6 indicates that there is a systematic relationship
between the delay times and the radial separation of
the spacecraft. A straight line fit to the data gives
a correlation coefficient of 77% and, coincidentally,
gives zero delay time for zero radial separation.

The slope of the straight line fit to the data in Fig-
ure 6 gives us the average velocity of the propaga-
tion of the injection region. That velocity is approx-
imately 24 km/s which means that it takes the injec-
tion region about 4.5 minutes to move earthward by
1Rg
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Figure 5: The time delay between dispersionless in-
jections measured at geosynchronous orbit and at
CRRES are plotted as a function of the location of
CRRES in L for all 29 events in this study. When
CRRES is at L < 6.6Rg negative time delays imply
earthward propagation.
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Figure 6: The nine events for which the two space-
craft were within £1 hr of local time are plotted in
the same format as Figure 5. A linear fit to the data
gives a very good correlation and implies an earth-
ward propagation velocity of approximately 24 km/s.

4. CONCLUSIONS

We have examined the entire CRRES data set to find
events for which we could determine the delay time
between dispersionless substorm injections observed
by CRRES and by one of the Los Alamos geosyn-
chronous satellites. We found 29 events for which we
could calculate the delay time between the onsets of
the injections seen at the two satellites. Essentially
all of the events that we analyzed were consistent
with an inward propagation of the injection region
from geosynchronous orbit toward the earth. For
the nine events for which the two satellites were sep-
arated by less than one hour of local time the delay
time was approximately linear with radial separa-



tion.

These observations are completely consistent with
the predictions of the convection surge model of sub-
storm injections [Ref. 2], [Ref. 3]. According to that
model, particles are energized by the dipolarization
of the magnetic field (or possibly some other source)
and are convected earthward by the inductive elec-
tric field. At first, our results appear to contradict
the predictions of the current disruption model which
assumes that the region of current disruption prop-
agates tailward along with a magnetic rarefaction
wave. We note however that this study only investi-
gates the propagation of the injection region inside
geosynchronous orbit. We can assume that the prop-
agation we observe is the propagation of the inner
boundary of the injection region. Therefore it is con-
ceivable that the two models are not mutually incom-
patible. It may be that a current disruption region
forms somewhere near or outside geosynchronous or-
bit and that it generally propagates tailward. At the
same time the dipolarization of the magnetic field
that is caused by the disruption of current produces
an inductive electric field that convects the acceler-
ated particles earthward.

We note however that if injection is caused by an
energization of the in situ plasma populations by
dipolarization of the magnetic field then our results
suggest that the dipolarization itself would have to
propagate earthward. In that case the propagation
speed is the speed of the compressional wave. On
the other hand if the particles are accelerated some-
where outside geosynchronous orbit and convected
earthward then the propagation speed is the actual
convection velocity of the particles.

The second major result of this study is the first cal-
culation of the velocity of the radial propagation of
the injection region. Based on a linear fit to the ob-
served delay times as a function of radial separation
we calculated that the injection region propagates
earthward at approximately 24 km/s.

A velocity of 24 km/s is surprisingly slow. The low
velocity of propagation would appear to rule out all
but convection as a possibility. However, attributing
the radial propagation of the injection region to con-
vection poses several difficulties as well. One prob-
lem is quantitative. The inductive electric fields pro-
duced by dipolarization of the electric field have been
measured to be about 20 mV/m which would pro-
duce a convection velocity of several hundred km/s
[Ref. 10]. Another problem is the sharpness of the
injection onset. If the injection is due to convection
then the flux profiles as a function of time can be con-
verted to flux profiles as a function of radius. There-
fore a rapid injection of particles implies that there
is a very steep gradient at the boundary with higher
fluxes of energetic particles tailward of that bound-
ary. A final problem involves the azimuthal drift of

the particles while they are being injected. The in-
jection is usually assumed to be very fast so that
azimuthal drifts are negligible during the injection.
If the injection is slow then higher energy particles
would be injected over a larger range of local times
than lower energy particles. To our knowledge no
observations have been reported that would suggest
that this is the case.

Of course our study of delay times between the CR-
RES and LANL geosynchronous satellites can also
be used to investigate the azimuthal propagation of
the injection region. Preliminary analysis has not re-
vealed any systematic propagation. However, we are
continuing that analysis and will present the results
in a future publication.

Finally, we note that our calculated velocity for the
radial propagation of the injection region also has im-
plications for the source region of the injected parti-
cles. Numerous case studies have shown that disper-
sionless substorm injections are typically observed
within a few minutes of onsets seen on the ground
in auroral observations, Pi2 pulsations, and magne-
tometer data. If we assume that we can extrapolate
our calculated velocity to regions just outside geosyn-
chronous orbit then the short delay time between
“substorm onset” and “injection onset” at geosyn-
chronous orbit implies that the source region for
the injected particles is within a few Rp of geosyn-
chronous orbit. To investigate this possibility more
directly we are currently analyzing the propagation
of substorm injections in the region outside geosyn-
chronous orbit using data from AMPTE/CCE.
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